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Abstract

Background—After years of periconceptional folic acid supplementation, the prevalence of 

neural tube defects (NTDs) remains stable following the remarkable reduction observed 

immediately after the fortification practice. There is accumulating evidence that folate receptor 

(FR) autoimmunity may play a role in the etiology of folate-sensitive NTDs.

Methods—From 2011 to 2013, 118 NTD cases and 242 healthy controls were recruited from a 

population-based birth defects surveillance system in Northern China. Enzyme-linked 

immunosorbent assay was used to measure FR autoantibodies in maternal and cord blood. Logistic 

regression models were used to estimate the odds ratios (OR) and 95% confidence intervals (95% 

CI).

Results—Plasma FR autoantibodies levels were significantly elevated in mothers of infants with 

NTDs compared with mothers of healthy controls. Using the lowest tertile as the referent group, 

2.20-fold (95% CI, 0.71–6.80) and 5.53-fold increased odds (95% CI, 1.90–16.08) of NTDs were 

observed for the second and third tertile of immunoglobulin G (IgG), respectively, and the odds of 

NTDs for each successive tertile of IgM was 0.98 (95% CI, 0.35–2.75) and 3.49 (95% CI, 1.45–

8.39), respectively. A dose–response relationship was found between FR autoantibodies levels and 

risk of NTDs (P < 0.001 for IgG, P = 0.002 for IgM). The same pattern was observed in both 

subtypes of spina bifida and anencephaly. No significant difference in levels of cord blood FR 

autoantibodies was observed.

Conclusion—Higher levels of FR autoimmunity in maternal plasma are associated with elevated 

risk of NTDs in a dose–response manner.
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Introduction

Neural tube defects(NTDs), which include spina bifida, anencephaly, craniorachischisis, and 

encephalocele, are among the most common human birth defects, with a worldwide 

prevalence of approximately 1 per 1000 births (Frey and Hauser, 2003). The prevalence of 

NTDs varies considerably by geographic areas, with prevalence reported as 0.2 to 14 per 

1000 births (Busby et al., 2005; Li et al., 2006; Allagh et al., 2015; Kishimba et al., 2015). 

The etiology of NTDs is far from fully understood. All the known risk factors account for 

less than 50% of NTD cases (Agopian et al., 2013). Both randomized trials and 

observational studies have shown the effectiveness of periconceptional folate 

supplementation in the prevention of NTDs (MRC, 1991; Czeizel and Dudas, 1992; Berry et 

al., 1999). However, a recent report from the U.S. Centers for Disease Control and 

Prevention shows that since the initial reduction observed immediately after the 

implementation of the mandatory folic acid fortification policy, the prevalence of NTDs 

during the postfortification period has remained relatively stable (Williams et al., 2015). In 

fact, a high proportion of pregnant women carrying a NTD-affected fetus do not show serum 

folate deficiencies (Yates et al., 1987; Kirke et al., 1993).

The cellular uptake of folic acid is primarily mediated by folate receptor alpha (FRα) 

(Antony, 1992). This protein is highly expressed in the placenta and plays a vital role in 

maternal-to-fetal folate transport (Page et al., 1993; Yasuda et al., 2008). Recently, evidence 

has emerged that immunogenic agents such as nucleoprotein and thyroglobulin can trigger 

auto-immunity, and maternal immunological responses might have a substantial impact on 

embryonic development (Coulam, 2000; Arnold et al., 2001; Clark et al., 2001). Animal 

experiments have found that antibodies to FR administered to pregnant rats caused 

embryonic damage, and the distribution of antibody to FR on the embryonic and 

extraembryonic tissues was similar to that of the FR, suggesting that FR antibody can 

specifically bind to the FR (Da et al., 2003).

Rothenberg and colleagues first reported that serum from women who previously had a 

pregnancy complicated by NTDs (n = 12) contained autoantibodies that bound to the FR and 

blocked the cellular uptake of folate in vitro (Rothenberg et al., 2004). This finding was 

substantiated by findings supporting a 1.4- to 3.2-fold elevated odds of NTDs in women with 

high titers of FR autoantibodies (Cabrera et al., 2008; Boyles et al., 2011). Although these 

two studies included only 11 and 29 NTD cases, respectively, they were based on mid-

gestational serum samples from women who were currently pregnant with a NTD 

complicated pregnancy. Molloy et al., used non mid-gestational serum samples and found 

that maternal FR autoantibodies were not associated with an NTD-affected pregnancy 

(Molloy et al., 2009). These four studies provided new insight into the etiology of NTDs. 

However, bovine folate binding protein (FBP) was used in some of these studies to detect the 

human FR autoantibodies, which may result in biased estimates (Rothenberg et al., 2004; 
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Molloy et al., 2009). The objective of this study was to evaluate the association between 

maternal and cord blood FR autoantibodies and the risk of NTDs in a large population of 

Chinese women in the post-folic acid fortification period.

Materials and Methods

STUDY POPULATION

The subjects were recruited from a population-based birth defects surveillance system in five 

rural counties of Shanxi Province (Taigu, Pingding, Xiyang, Shouyang, and Zezhou) in 

northern China between 2011 and 2013 (Li et al., 2007; Wang et al., 2014). The surveillance 

system monitors major external structural birth defects through active case ascertainment. 

Cases were mothers with NTD-affected pregnancies and their matched fetuses or newborns, 

while controls were mothers and their term healthy newborns or terminated fetuses without 

congenital malformations. For each case, a healthy control in the same hospital was selected, 

matched to the case by place of residence (residing in the same county) and date of last 

menstrual period (±2weeks). Although the study was designed as a matched case–control 

study, some blood samples were not available because consent could not be obtained from 

some women. Therefore, the matched case–control pairs were broken in the present study. 

The present study included 118 cases and 242 controls. We obtained maternal blood from 

109 cases (NTD complicated pregnancy) and 218 controls (unaffected pregnancy). A total of 

24 cases and 48 controls were randomly selected and provided cord blood samples. As a 

pilot study, we measured cord blood FR autoantibodies in these 72 subjects.

In-person interviews were performed by trained local health workers at hospitals within the 

first week of delivery or pregnancy termination. Information on maternal sociodemographic 

characteristics, lifestyle, reproductive history, periconceptional folic acid supplementation, 

drug use, and exposure to domestic fuel use for cooking and heating during pregnancy were 

collected. Maternal venous blood and cord blood were collected at delivery or termination of 

the pregnancy. Blood was separated immediately. Aliquoted plasma was frozen at −20°C, 

transferred on dry ice, and stored at −80°C until it was used for these analyses.

ASSAY FOR FOLATE RECEPTOR AUTOANTIBODIES

Folate receptor autoantibodies in the plasma were measured using an indirect enzyme-linked 

immunosorbent assay (ELISA) (Cabrera et al., 2008; Bille et al., 2010; Sequeira et al., 

2013), with slight modification from the previously published protocols. Briefly, human 

folate receptors were extracted and purified from placentas of healthy donors as previously 

described (Antony et al., 1981). Folate receptor protein was diluted with phosphate-buffered 

saline (pH 7.2) to produce a solution of 5 ng/μl and coated on 96-well plates (#655097, 

Greiner Bio-one, Monroe, NC) with 4 μl/well. FR has high affinity for both folate acid 

(Antony, 1992) and FR antibody (Rothenberg et al., 2004).

The nonbound protein was removed by washing the plates with a Tris buffered saline 

containing Tween-20 solution (1×TNT, PH 7.6). Plasma sample was 1:40 diluted using TNT 

buffer and applied to the plates with a volume of 50 μl per well. The plates and plasma 

solutions were sealed with plastic film and incubated overnight at ambient temperature and 
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washed with TNT three times. Goat polyclonal antibody labeled with horseradish peroxidase 

was used as a secondary conjugate specific for detecting human immunoglobulin G (IgG) or 

immunoglobulin M (IgM).

After incubation for 1 hr at room temperature, wells were washed with TNT. SuperSignal 

ELISA Femto Substrate (#37074, Thermo Scientific, Waltham, MA), an ultrasensitive 

enhanced chemiluminescent substrate for low-femtogram-level detection, was used as the 

substrate, and the intensity of the luminescence was detected by an automatic microplate 

reader (Biotek Synergy2, Winooski, VT). Commercially available pooled IgG (#I8640, 

Sigma Aldrich, St. Louis, MO) and IgM (#I8260, Sigma Aldrich, St. Louis, MO) from 

human serum were serially diluted to construct the standard curve. The pooled IgG and IgM 

concentrations in the pooled serum were 5.8 mg/ml and 0.91 mg/ml, respectively.

The standard curve was constructed by initially defining the amount of FR autoantibodies in 

the pooled IgG and IgM as 1. The curve was used to interpolate the levels of FR 

autoantibodies present in case and control samples. TNT was used as the negative control. 

When calculating the levels of FR autoantibodies in samples, the intensity of the 

luminescence of the negative control was substracted from that of the samples. The lowest 

FR autoantibody level that can be detected by the assay was 3.12 × 10−4. Thus, any positive 

value more than 3.12 × 10−4 can indicate the presence of autoantibodies. The measuring 

range of the standard curve was from 6.25 × 10−4 to 8 × 10−2 (Yang et al., 2014). The intra- 

and inter-assay coefficients of variation for FR autoantibody IgG assay were 2.74% to 

8.07% and 4.16% to 8.23%, respectively. For IgM, the values were 4.54% to 5.49% and 

3.50% to 6.61%, respectively.

STATISTICAL ANALYSIS

Distribution of characteristics in cases and controls were compared using a chi-square (χ2) 

test. Because levels of FR autoantibodies were not normally distributed, geometric mean and 

median with interquartile range (IQR) was used to describe the distribution of FR 

autoantibodies in maternal and cord blood. Wilcoxon signed-rank test was used to assess the 

difference of autoantibodies levels between cases and controls. Tertiles determined by the 

distribution of autoantibodies in controls were used to categorize subjects. A similar 

procedure for determining exposure categories for continuous variables has been described 

by Hsien et al. (1991). Confounders were defined as those factors that were associated with 

both the risk of NTDs and the levels of autoantibodies. Using the lowest tertile as the 

nonexposed level, odds ratios (ORs) and 95% confidence intervals (95% CIs) for each 

higher tertile were estimated from logistic regression procedures after adjusting for 

confounders. Linear trend between odds ratios for NTD risk was determined by treating the 

three tertiles as a continuous variable.

Additionally, because there was a difference in gestational age between case and control 

fetuses, a stratified analysis by gestational age was performed. The control group consists of 

mothers and their term healthy newborns or terminated fetuses without congenital 

malformations. All the terminated fetuses in the control group were terminated before 20 

weeks. Thus, the stratified analysis was performed based on the cutoff value of 20 weeks to 

distinguish the terminated fetuses and their mothers from healthy newborns and their 
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mothers in the control group. All the statistical analyses were performed using Stata 

software version 12.0 (StataCorp LP, College Station, TX). A two-tailed P-value of < 0.05 

was considered to be statistically significant.

ETHICAL APPROVAL

The study protocol was approved by the institutional review board of Peking University, and 

written consent from the mothers was obtained.

Results

The characteristics of the study population are summarized in Table 1. Briefly, case mothers 

were more likely to be older, less educated, and multiparous compared with control mothers. 

A higher proportion of case mothers were farmers, and tended to report a history of birth 

defects, suffering from flu and passive smoking during pregnancy. In addition, a lower 

proportion of case mothers reported periconceptional folate supplementation compared with 

control mothers. There were more female fetuses in cases compared with controls. Most of 

the case fetuses were terminated once identified, therefore, resulting in the reduced 

gestational age (27.2 ± 7.6 weeks) compared with the control fetuses, most of whom were 

term births (38.7 ± 4.9 weeks).

The distribution of characteristics of the study population according to tertiles of maternal 

FR autoantibody IgG levels is summarized in Supplemental Table S1, which is available 

online. Maternal age, parity, periconceptional folate supplementation, and gestational age at 

delivery or termination of pregnancies were found to be associated with maternal FR 

autoantibody IgG levels. A similar distribution pattern of these characteristics according to 

tertiles of IgM was found. These covariates were defined as confounding factors and 

included in the final logistic regression model.

As shown in Table 2, significantly higher median concentrations of FR autoantibody IgG 

(median [IQR]: 1.73 [0.81–4.05] vs. 0.71 [0.34–1.58], P < 0.001) and IgM (median [IQR]: 

3.53 [1.65–8.23] vs. 1.43 [0.68–3.21], P < 0.001) were observed in maternal plasma of cases 

compared with controls. Differences in IgG and IgM concentrations were significant for all 

three NTDs subtypes. Stratified analysis by gestational age (Table 3) revealed significantly 

elevated FR autoantibody IgG and IgM levels in case mothers as compared to controls in the 

subgroup with gestational age >20 weeks. In the subgroup with gestational age ≤20 weeks, 

only FR autoantibody IgM was significantly higher in case mothers compared with controls. 

No evidence of significant difference in cord blood FR autoantibodies was observed. We did 

not perform stratified analysis to cord blood autoantibodies because of the small sample size. 

Nine cases and 30 controls provided both maternal blood and cord blood samples. There was 

no evidence of a significant correlation between FR autoantibodies in maternal and cord 

blood (data not shown).

Multivariable adjusted ORs for NTDs in relation to maternal plasma FR autoantibody IgG 

and IgM are shown in Table 4. With the lowest tertile as the referent group, the adjusted OR 

(95%CI) of total NTDs for each successive tertile was 2.20 (0.71–6.80) and 5.53 (1.90–

16.08) for IgG, and 0.98 (0.35–2.75) and 3.49 (1.45–8.39) for IgM. A significant linear trend 
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was observed in OR of total NTDs across increasing tertile of IgG (P < 0.001) and IgM (P = 

0.002) (Figs. (1 and 2)). The adjusted OR of spina bifida for the third tertile was 8.70 (2.16–

35.01) for IgG, and 2.96 (1.11–7.86) for IgM, and the adjusted OR of anencephaly for the 

third tertile was 2.28 (0.59–8.79) for IgG, and 3.22 (0.95–10.98) for IgM.

Given the small sample size, the association between FR autoantibodies and anencephaly 

risk was not statistically significant. However, the same linear pattern was observed in both 

subtypes of spina bifida (Ptrend = 0.001 for IgG, Ptrend < 0.001 for IgM) and anencephaly 

(Ptrend = 0.030 for IgG, Ptrend = 0.024 for IgM). Cord blood FR autoantibodies were treated 

as continuous variables, and no significant association was observed between cord blood FR 

autoantibodies and the risk of NTDs.

Table 5 shows the results of stratified analysis by gestational age. In the subgroup with 

gestational age ≤20 weeks, no significant association was found between maternal FR 

autoantibody IgG levels and risk of NTDs, which might be related to a small sample size. 

However, an increasing trend in the odds ratios of NTDs did exist with increasing FR 

autoantibody IgM levels. In subgroup with gestational age > 20 weeks, a gradient increased 

risk of NTDs was observed with increasing autoantibody levels.

Discussion

In this study, we examined the association of FR autoantibodies in maternal and cord blood, 

and the risk of NTDs in a Chinese population with high NTD prevalence. Overall, we found 

that high levels of maternal plasma FR autoantibodies were associated with an elevated risk 

of NTDs, and the NTD risk increased with increasing levels of FR autoantibodies. The 

dose–response relationship was present for both subtypes of spinal bifida and anencephaly. 

No association between cord blood FR autoantibodies and risk of NTDs was found with the 

small sample size available for investigation.

Four previous epidemiological studies examined the association between FR autoantibodies 

and risk of NTDs, and reported inconsistent results. The study by Rothenberg et al. (2004), 

conducted in an American population with 12 NTD cases, reported a higher proportion of 

positive FR autoantibodies in maternal serum of NTD cases compared with controls. They 

did not report the gestational age of the subjects at sample collection (Rothenberg et al., 

2004). Cabrera et al. reported a two- and three-fold increased odds of NTDs in an American 

population at two standard deviations above average control antibody concentrations for IgG 

and IgM, respectively. Unlike the Rothenberg study, the serum samples in this study were 

collected during the 15th to 18th weeks of pregnancy (Cabrera et al., 2008).

Boyles et al. measured the amount of folic acid blocked from binding to FR by the presence 

of FR antibodies in the maternal plasma, and found a 1.4-fold increased risk of NTDs with 

increased binding inhibition. Only 11 Norwegian women were included in the study and 

provided mid-gestation blood samples (Boyles et al., 2011). Another study with a larger 

sample size (103 cases vs. 103 controls) was conducted in samples from an Irish population 

and reported no association between maternal plasma FR autoantibodies and NTD risk. 

These samples were analyzed a median of 13 years after the birth of the child with an NTD 
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(Molloy et al., 2009), and there is no indication for the time between sample collection and 

delivery of the child with an NTD. Specifically, the lack of association may simply be a 

result of a dynamic immune or autoimmune response changing over time.

Besides the differences in sample size, sample collection time, use of serum or plasma, and 

the population heterogeneity, the discordant results may also be due to the different sources 

of coating antigen (bovine FBP or human FR) used when determining the levels of 

antibodies and autoantibodies to FBP or FR, respectively. Although more than 80% 

homology between bovine FBP and human FR was present, autoantibodies may bind FR and 

FBP at different epitopes, thus leading to the biased estimate of the association if FBP was 

used to measure FR autoantibodies (Cabrera et al., 2008).

The present study used FR isolated from human placentas in the assay, providing a more 

sensitive, more accurate estimate of the levels of FR autoantibodies with a large sample size. 

Findings from our study indicated a 5.53- and 3.49-fold increased odds of NTDs in the 

highest tertile of FR autoantibody IgG and IgM compared with the first tertile, respectively. 

Our observation adds additional evidence that maternal FR autoantibodies are associated 

with an increased risk of NTDs in the offspring.

As far as we know, this was the first study that explored this association in subtypes of 

NTDs. Boyles et al., in their study of 11 NTDs cases, included two anencephaly cases and 

nine spina bifida cases (Boyles et al., 2011). The other three studies did not provide 

information about the types of their NTD cases. However, differences in metabolic profiles 

and one-carbon metabolism among subtypes of NTDs have been observed (Chi et al., 2014), 

which indicates the physiological and etiological process of these subtypes may be different. 

Our study observed a dose–response relationship between FR autoantibodies and total NTDs 

as well as subtypes of spina bifida and anencephaly, which indicates FR autoantibody is a 

risk factor for these two subtypes of NTDs.

To the best of our knowledge, this is also the first study to examine FR autoantibodies in 

cord blood of NTDs infants. The levels of FR autoantibodies in cord blood were much lower 

compared with that of maternal blood, which may reflect the maternal–fetal transport of the 

autoantibody IgG. Studies have found that IgG transport started in early embryos, at 3.5 to 5 

weeks, which is during the critical window of neural tube closure (Gurevich et al., 2001). In 

a normal, uncomplicated pregnancy, IgM cannot pass through the placenta, the FR 

autoantibody IgM in cord blood may be produced by the immune system of the fetus. The 

levels of FR autoantibody IgM was 12% higher in cases compared with controls, but the 

small sample size limited the power to detect a significant difference in the titer of cord 

blood FR autoantibodies.

Associations of elevated FR autoantibodies and increased odds of NTDs in the offspring are 

biologically plausible. Folate participates in numerous single-carbon exchange reactions that 

are essential for genomic integrity and DNA methylation (Friso and Choi, 2002). Insufficient 

folate supply during the rapid cell division phase postconception has been associated with 

NTDs (Smithells et al., 1976; Kirke et al., 1993). Maternal-to-fetal folate transport is 

mediated by the high-affinity membrane-associated placental FR, and circulating 5-
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methyltetrahydrofolate from maternal blood is captured by FR on the maternally facing 

chorionic surface, then passively transferred to the fetal circulation (Weitman et al., 1992; 

Henderson et al., 1995).

However, FR autoantibodies can bind to the FR and block transplacental folate transport to 

the developing embryo. Furthermore, FR autoantibodies may exert their effect by an 

antibody-mediated inflammatory response and disrupt folate transport. FR autoantibodies in 

cord blood may bind to FR in the embryonic tissues and exaggerate folate deficiency in the 

developing embryos. In animal models, the effect of low-dose FR antibody administrated to 

rats can be preventable with large doses of folic acid (Rothenberg et al., 2004).

Animal models have demonstrated increased levels of expression of FR in rat placentas 

during pregnancy to facilitate maternal–fetal folate transport (Yasuda et al., 2008). 

Conditions associated with an increased expression of FR can trigger FR autoantibodies 

production in susceptible persons (Bagnoli et al., 2003; Elnakat and Ratnam, 2004; Parker et 

al., 2005; Knutson et al., 2006). The conditions will be worse if the mothers are folate-

deficient, which can result in an overexpression of the FR (Antony, 2007). Another possible 

mechanism contributing to the production of FR autoantibodies is that FBP contained in 

cow’s milk can trigger the human immune system (Berrocal-Zaragoza et al., 2009), and a 

dairy-free diet downregulates FR immunity (Ramaekers et al., 2008). Recently, a case report 

described a woman with positive FR antibodies and adverse pregnancy outcomes. 

Longitudinal follow-up produced a decrease in FR antibody titer with a dairy-free diet. Then 

she was on the diary-free diet and took certain medications including folic acid. Eventually, 

the antibody titer dropped to an undetectable level and a healthy baby was delivered, 

suggesting that FR autoimmunity can have adverse effects on the pregnancy outcomes, 

which can be prevented by systematically lowering the antibody levels (Shapira et al., 2015).

Denny and colleagues (2015) used a folate-deficient diet in pregnant mice to demonstrate 

that there is a highly significant correlation between serum homocysteine levels and titers of 

autoantibodies directed against homocysteinylated proteins, in this case, against the FR. 

They reported elevated rates of malformations, especially NTDs, in the offspring of dams 

that were deficient in serum folate. When the dams on a low folate diet received 

supplementation with folic acid during the pregnancy, it completely rescued the embryos 

from congenital defects. Furthermore, the now phenotypically normal pups had 

homocysteinylated FR titers that were comparable to the progeny of dams maintained on a 

folate-replete diet (Denny et al., 2015). The study supports the hypothesis that 

homocysteinylation results in neo-self antigen formation and auto-immunity under 

conditions of limited maternal folate intake.

The strengths of our study include a large sample size, use of FR protein isolated from 

human placentas, use of well-trained interviewers, and the assessment of FR autoantibody 

titers in subtypes of NTDs. However, some limitations need to be addressed. The samples 

were collected at delivery of a term birth or termination of NTD-affected pregnancies. The 

difference of gestational age at sample collection between cases and controls merits 

consideration. Unlike several previous studies of FR autoantibodies and birth defects, which 

did not take into account the effect of gestational age (Rothenberg et al., 2004; Bliek et al., 
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2006; Molloy et al., 2009), we sought to minimize the effect of gestational age at sample 

collection by adjusting for gestational age in a multivariable logistic regression model and 

performing a stratified analysis by gestational age. Another limitation is that NTDs 

developed in early gestation but the samples were collected later in pregnancy. The case–

control design does not allow for an assessment of the temporal relationship of FR 

autoantibodies and occurrence of NTDs. Longitudinal studies with serial measurement of 

FR autoantibodies at different times are needed to enhance the causality inference.

In summary, our study found that high levels of FR autoantibodies in maternal plasma were 

associated with increased odds of having an NTD-affected pregnancy in a dose–response 

manner. This dose–response relationship was present in both NTD subtypes: spina bifida 

and anencephaly. Further studies are needed to elucidate the mechanism by which FR 

autoantibodies are produced, determine why certain women produce antibodies, and develop 

standard methods to measure this marker in a highly sensitive assay that takes into account 

the epitope of the binding site. Once the impact of these factors are determined, the cutoff 

value of FR autoantibodies for an increased risk of NTDs is to be determined. The screening 

for FR autoantibodies and downregulating the levels of FR immunity is expected to be 

warranted in women seeking to become pregnant to minimize the risk for NTDs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
The triangles/squares/diamonds on the lines represent the point estimate of the adjusted odds 

ratios from the logistic model. A significant linear trend was observed in odds ratio of total 

NTDs across increasing tertile of IgG (P < 0.001), the same pattern was observed for both 

subtypes of spinal bifida and anencephaly. NTDs, neural tube defects; OR, odds ratio.
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FIGURE 2. 
The triangles/squares/diamonds on the lines represent the point estimate of the adjusted odds 

ratios from the logistic model. A significant linear trend was observed in odds ratio of total 

NTDs across increasing tertile of IgM (P = 0.002), the same pattern was observed for both 

subtypes of spinal bifida and anencephaly. NTDs, neural tube defects; OR, odds ratio.
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TABLE 2

Folate Receptor (FR) Autoantibodies Immunoglobulin G (IgG) and Immunoglobulin M (IgM) Levels in 

Maternal Plasma and Cord Blood of Neural Tube Defects (NTDs) and Controls, Shanxi Province, China 2011 

to 2013 (N = 360)

Autoantibody nb Geometric mean ± SD Median (IQR) P-Valuec

Plasma IgGa

 Total NTDs 109 1.65 ± 0.18 1.73 (0.81–4.05) <0.001

 Spina bifida 54 1.77 ± 0.31 1.54 (0.81–4.24) <0.001

 Anencephaly 43 1.46 ± 0.29 1.73 (0.61–3.85) 0.001

 Encephalocele 12 1.92 ± 0.57 2.05 (0.97–4.02) 0.001

 Controls 218 0.71 ± 0.09 0.71 (0.34–1.58)

Plasma IgMa

 Total NTDs 109 3.39 ± 0.27 3.53 (1.65–8.23) <0.001

 Spina bifida 54 3.08 ± 0.40 3.12 (1.65–8.61) 0.001

 Anencephaly 43 3.66 ± 0.47 3.53 (1.24–7.81) <0.001

 Encephalocele 12 3.98 ± 0.70 4.18 (1.97–8.18) 0.001

 Controls 218 1.99 ± 0.11 1.43 (0.68–3.21)

Cord blood IgGa

 Total NTDs 24 0.65 ± 0.25 0.75 (0.32–1.03) 0.78

 Controls 48 0.71 ± 0.09 0.77 (0.57–1.06)

Cord blood IgMa

 Total NTDs 24 0.36 ± 0.09 0.28 (0.16–0.62) 0.65

 Controls 48 0.29 ± 0.04 0.25 (0.20–0.44)

a
Commercialized pooled IgG and IgM from human serum were used to plot the standard curve for detecting FR autoantibody IgG and IgM, 

respectively; the FR autoantibody IgG and IgM levels in the pooled IgG and IgM were defined as 1.

b
Maternal blood samples were collected from 327 participants, cord blood samples were collected from 72 participants.

c
P value was calculated using Wilcoxon sum-rank Test.

IQR, interquartile range; SD, standard deviation.
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